Application of the alkaline comet assay in human biomonitoring for genotoxicity: a study on Croatian medical personnel handling antineoplastic drugs Nevenka Kopjar 1 and Vera Garaj-Vrhovac being treated with such drugs are at great risk of exposure to these toxic agents. Primary routes for exposure in unprotected resulting from aerosolization of powder or liquid during The alkaline comet assay was used to evaluate the genoreconstitution and spillage during drug preparation or administoxicity towards peripheral blood lymphocytes of medical tration to patients. In addition, patients may excrete these personnel regularly handling various antineoplastic drugs drugs and their metabolic by-products, so personnel who with different safety precautions. The study population handle waste products from these patients can be exposed to consisted of 50 exposed subjects working in the oncology, drugs in this way (Connor, 1993; Valanis et al., 1993) .
pulmology, gynaecology and haematology units of nine
Evidence about the health hazards of exposure of medical Croatian hospitals and 20 unexposed control subjects.
personnel to antineoplastic drugs in hospitals are conflicting Peripheral blood lymphocytes from the subjects were and inconclusive. Various effects have been reported, including embedded in agarose on a microscope slide and lysed; the acute toxicity (McDiarmid et al., 1988) , nausea, headache, DNA was unwound and subjected to electrophoresis at dizziness and hair loss (Valanis et al., 1993) , liver damage pH 13. Staining with a fluorescent dye was used to identify (Sotaniemi et al., 1983) , spontaneous abortions (Stücker et al. , cells with DNA damage, as judged by increased migration 1990), urine mutagenicity (Kolmodin-Hedman et al., 1983 ; of genetic material from the cell nucleus. DNA damage Pohlová et al., 1986; Thiringer et al., 1991) , chromosomal was quantified by measuring the displacement between the damage (Nikula et al., 1984; Oesterreicher et al., 1990 ; genetic material of the nucleus and the resulting tail using Grummt et al., 1993; Anwar et al., 1994) , induction of an image analysis system. Three parameters were used as micronuclei (Anwar et al., 1994; Machado-Santelli et al ., indicators of DNA damage: i.e. tail length, percentage of 1994; Garaj-Vrhovac and Kopjar, 1998a; Kevekordes et al., DNA in the tail and tail moment. Statistically significant 1998) and sister chromatid exchange in peripheral lymphocytes differences in all three parameters were observed between (Norppa et al., 1980; Milković-Kraus and Horvat, 1991 ; Ş ardaş the exposed and control groups. Within the exposed group, et al., 1991; Thiringer et al., 1991) , as well as DNA damage there were marked differences between individuals in the (Fuchs et al., 1995; Garaj-Vrhovac and Kopjar, 1998b ; Undeger comet tail parameters. In the majority of exposed subjects et al., 1999) . an effect on DNA damage of age or duration of occupational
To minimize the risk of occupational exposure, several exposure could be excluded. In the exposed group, the guidelines for the handling of antineoplastic drugs and safety highest level of DNA damage was recorded in subjects who recommendations have been issued (OSHA, 1986 ; Valanis used only latex gloves in their work with antineoplastic et al., 1992; Baker and Connor, 1996) . The most commonly drugs. The observed DNA damage was lower in exposed recommended safety precautions include the use of the proper subjects who used more than one type of protective equiptype of biological safety cabinet, with vertical air-flow, and ment and who worked in a well-ventilated safety cabinet.
protective equipment such as latex gloves, gowns, surgical No statistically significant differences were found between masks and hair covers for employees handling antineoplastic the mean values of comet tail parameters for smoking and agents (Valanis et al., 1992; Connor, 1993 Connor, , 1995 Fuchs et al. , non-smoking subpopulations from the exposed group. In 1995). However, the guidelines differ from country to country, view of the results obtained, the alkaline comet assay, as a but in their practical application from hospital to hospital simple, rapid and sensitive method, appears to be a promis- (Grummt et al., 1993; Baker and Connor, 1996) . ing additional test for biomonitoring purposes in human A variety of cytogenetic methods and mutagenicity tests of populations.
urine have been used to monitor populations exposed to antineoplastic drugs. Although they provide information about damage in individual cells, cytogenetic techniques are of Introduction limited value, because of the need for proliferating cell populations and because DNA damage must be processed into Antineoplastic drugs include chemically unrelated classes of microscopically visible lesions. agents capable of inhibiting tumour growth by disrupting cell During the last 10 years, a rapid and sensitive technique, division and killing actively growing cells (McDevitt et al., the comet assay [single-cell gel electrophoresis (SCGE)] has 1993). Clinical and laboratory studies have shown that many gained widespread acceptance for genotoxicity testing. It has of these drugs are mutagens, carcinogens or teratogens in recently been used for various in vitro and in vivo studies to humans and animals, and these drugs can have many different monitor exposure to mutagens and carcinogens that induce acute and chronic adverse effects in patients receiving thera-DNA damage (Tice, 1990; Fairbairn, 1995; Olive, 1999) . In peutic doses, including cancer (Baker and Connor, 1996) . molecular epidemiology studies, DNA damage evaluated by Healthcare personnel who admix, administer or dispose of antineoplastic drugs or body waste products from patients the comet assay is used as a biomarker of exposure (Betti alcohol consumption. During the year before blood sample collection, the Collins et al., 1997 ; Garaj-Vrhovac and controls had not been subjected to diagnostic examinations using X-rays or Kopjar, 1998b Kopjar, , Š rám et al., 1998 Piperakis et al., 1999) .
non-ionizing radiation. None had received any therapeutic irradiation. They
The comet assay permits the detection of primary DNA
were not taking any medications or oral contraceptives.
damage and the study of repair kinetics at the level of single Blood sampling cells (Singh et al., 1988; Olive et al., 1990; Hellman et al., Peripheral blood samples of the exposed and control subjects were collected 1995; Olive, 1999 plete excision repair sites and interstrand cross-links. The
The comet assay comet assay can also be used to assess DNA fragmentation
The comet assay was carried out under alkaline conditions, basically as associated with cell death or related to apoptosis (Olive, 1999;  described by Singh et al. (1988) . Fully frosted slides were covered with 1% Piperakis et al., 1999 and rapidity (Cotelle and Ferard, 1999) .
X-100 (Sigma) and 10% dimethyl sulfoxide (Kemika) added fresh to lyse cells and allow DNA unfolding. The slides were then placed on a horizontal
In the present study, the alkaline comet assay was used to gel electrophoresis tank, facing the anode. The unit was filled with fresh evaluate the genotoxic effects of antineoplastic drugs on the electrophoresis buffer (300 mM NaOH, 1 mM disodium EDTA, pH 13.0) and peripheral lymphocytes of medical personnel handling various the slides were placed in this alkaline buffer for 20 min to allow DNA antineoplastic drugs with different safety precautions.
unwinding and expression of alkali-labile sites. Denaturation and electrophoresis were performed at 4°C under dim light. Electrophoresis was carried out for 20 min at 25 V (300 mA). After electrophoresis the slides were rinsed
Materials and methods
gently three times with neutralization buffer (0.4 M Tris-HCl, pH 7.5) to remove excess alkali and detergents. Each slide was stained with ethidium Subjects of study bromide (20 µg/ml) and covered with a coverslip. Slides were stored at 4°C The population studied comprised 70 volunteer blood donors, 50 of whom in sealed boxes until analysis. had been occupationally exposed to antineoplastic drugs and 20 of whom Comet capture and analysis were unexposed control subjects. Each person completed a standardized questionnaire which included items concerning age, health status, occupational A total of 50 randomly captured comets from each slide were examined at exposure to antineoplastic drugs at the time of the study and the drug-handling 400ϫ magnification using an epifluorescence microscope (Zeiss) connected safety precautions taken. The questionnaire also included items concerning through a black and white camera to an image analysis system (Comet Assay exposure to other potential mutagenic hazards unconnected with work, such II; Perceptive Instruments Ltd, UK). A computerized image analysis system as smoking, alcohol and drug consumption, viral diseases, recent vaccinations was used to acquire images, compute the integrated intensity profile for each and radiodiagnostic examinations.
cell, estimate the comet cell components and evaluate the range of derived The exposed group consisted of 25 female smokers and 25 female nonparameters. To quantify DNA damage, the following comet parameters were smokers aged 20-55 years (mean age 37 years) working in the oncology, evaluated: tail length, percentage of DNA in tail and tail moment. Tail length pulmology, gynaecology and haematology units of nine Croatian hospitals.
(i.e. the length of DNA migration) is related directly to the DNA fragment They were in daily or almost daily contact with antineoplastic drugs (preparing size and presented in micrometres. It was calculated from the centre of the solutions and syringes for infusion, administering of antineoplastic drugs, cell. Tail moment was calculated as (tail length ϫ % of DNA in tail)/100. handling of body fluids of patients undergoing chemotherapy). The exposed Statistical analysis subjects handled a diversity of antineoplastic drugs. Many of them reported
The various parameters measured in the exposed and control groups (tail working with more than five antineoplastic agents. The most frequently length, percentage of DNA in the tail and tail moment) were evaluated using used drugs were cyclophosphamide, vincristine, vinblastine, cis-platinum, 5-the non-parametric Mann-Whitney U-test. The level of significance was set fluorouracil, bleomycin, methotrexate and adriamycin. The handling time at 5%. varied from 1-6 h/day. Mean exposure time for the exposed group was 12.9 years (range 1-30 years). With regard to the type of safety precautions used, the exposed group in our study was divided into four subgroups. The first Results subgroup comprised 20 subjects who used only latex gloves in their daily work with antineoplastic drugs. The second subgroup comprised eight subjects
The present paper illustrates the results of an alkaline comet who used latex gloves and surgical masks as individual protective equipment. assay on peripheral blood lymphocytes obtained from 50
In both of these subgroups, antineoplastic drugs were prepared in a separate subjects handling antineoplastic drugs and 20 control subjects.
corner of a room occasionally used for smoking and eating. The third subgroup comprised 19 subjects who used latex gloves and a safety cabinet with vertical Using Comet Assay II software, we evaluated parameters air-flow. The subjects in the fourth subgroup (three nurses) used latex gloves, for measuring DNA damage. To describe the comet global surgical masks and a safety cabinet with vertical air-flow when handling parameters, tail length, tail DNA % and tail moment are used.
antineoplastic drugs. The safety cabinets used by subjects in the third and Results of the alkaline comet assay are summarized in fourth subgroups for the preparation of antineoplastic drugs were located in a separate room set aside for this purpose only.
Tables I-IV. Figure 1 gives the mean values of tail length (a), Exposed subjects had not been subjected to diagnostic X-ray examinations percentage of DNA in tail (b) and tail moment (c) for the during the year before the beginning of this study. They were not on birth exposed and control group. Figure 2 shows the distribution of control pills during the study and were not taking other medications. In the tail length, percentage of DNA in tail and tail moment in the exposed group, seven nurses reported cases of one spontaneous abortion, exposed and control groups.
while one nurse reported a case of two spontaneous abortions in the first trimester.
Statistically significant differences in all comet assay paraControl subjects were healthy students and office employees (10 females meters were observed between the exposed and control groups and 10 males), chosen from the general Croatian population. All were non- (Figure 1 ). The distribution of comet tail parameters in control smokers aged 20-50 years (mean age 30 years). None of the them had ever subjects was characterized by nuclei with small comets (Table   had any contact with antineoplastic drugs. They had not been occupationally exposed to known genotoxic agents. None of the control subjects reported IV). Within the exposed group there were marked differences Table I . *Significantly different from third and fourth exposed subgroups (P Ͻ 0.05, Mann-Whitney U-test). between individuals in terms of comet tail parameters (Table  (Table II) . No other significant differences were found between II). In the majority of exposed subjects the influence of age the four exposed subgroups. or duration of occupational exposure on the DNA damage was With regard to smoking habits, there were minor, although excluded (Table I) . Less DNA damage was observed in the not statistically significant, differences (P Ͼ 0.05) in mean tail exposed subjects using more than one type of individual length between exposed smokers and non-smokers (Table III) . protective equipment and working in a well-ventilated safety
Percentage of DNA in the comet tail cabinet (Tables I and II ). In the exposed group, the highest The percentage of DNA in the the tail ranged between 70.67 level of DNA damage was recorded in subjects in the first Ϯ 10.19% and 85.34 Ϯ 3.59% (mean 81.49 Ϯ 4.31%) in the subgroup (i.e. those who only used latex gloves while working exposed group (Table I, Figure 1b) while that in the control with antineoplastic drugs). No statistically significant differgroup was 70.01 Ϯ 10.35% to 80.99 Ϯ 1.48% (mean 76.01 ences were found between the mean tail parameters for Ϯ 3.70%) (Table IV, Figure 1b) . Differences observed between smoking and non-smoking subpopulations in the exposed the exposed and control group were statistically significant (P group (Table III) .
Ͻ 0.05).
Tail length
With regard to the safety precautions used, some differences The lengths of comet tails in exposed subjects were in the in the mean percentage of DNA in the tail were observed range 14.52 Ϯ 1.12 µm to 23.44 Ϯ 5.21 µm (mean 17.46 Ϯ between the four exposed subgroups (Table II) . The mean 1.99 µm) (Table I, Figure 1a) . The observed values were percentage of tail DNA was greatest in subjects in the first significantly different (P Ͻ 0.05) from those in control subjects, subgroup who handled antineoplastic drugs using only latex which were in the range 11.68 Ϯ 0.76 µm and 14.42 Ϯ 1.11 gloves, while it was smallest in subjects in the fourth subgroup µm (mean 12.55 Ϯ 0.82 µm) (Table IV, Figure 1a) . who used latex gloves, surgical masks and a safety cabinet as With regard to the type of safety precautions used, some protective equipment. There were statistically significant (P Ͻ differences in mean tail lengths were observed between the 0.05) differences in the mean percentage of tail DNA between four exposed subgroups (Tables I and II) . Mean tail length the first and the third exposed subgroups and between the was greatest in subjects in the first subgroup (who only used first and the fourth exposed subgroups. No other significant latex gloves in daily work with antineoplastic drugs) and differences were recorded between the four exposed subgroups. smallest in subjects in the fourth subgroup (who used latex There were no significant differences (P Ͼ 0.05) between gloves, surgical masks and a safety cabinet). There were the mean percentages of DNA in the comet tail determined in statistically significant (P Ͻ 0.05) differences in the mean lymphocytes taken from exposed smokers and exposed nonvalues of tail length between the first and the third exposed subgroups and between the first and fourth exposed subgroups smokers (Table III) . surgical masks and a safety cabinet. There were statistically significant (P Ͻ 0.05) differences in the mean tail moments between the first and the third exposed subgroups and between the first and the fourth exposed subgroups. No other significant differences were noticed between the four exposed subgroups. There were no statistically significant differences (P Ͼ 0.05) between the mean tail moments recorded in exposed smokers and tail moment (TM) (c) obtained in the alkaline comet assay for the exposed (1) and control (2) groups. Results are displayed as box plots.
and exposed non-smokers (Table III) .
Discussion

Tail moment
The tail moments for the exposed group ranged between 9.98 Among the individuals occupationally exposed to mutagenic and carcinogenic agents, the population exposed to antineo-Ϯ 1. 98 and 19.96 Ϯ 4.82 (mean 14.31 Ϯ 2.16) (Table I , Figure 1c ). The observed values differed significantly (P Ͻ plastic drugs deserves special attention. The results of the present study using the alkaline comet assay demonstrate that 0.05) from those in control subjects, which were in the range 8.41 Ϯ 1.83 to 11.66 Ϯ 1.20 (mean 9.78 Ϯ 0.91) (Table IV, handling antineoplastic drugs without appropriate protection is associated with a significant increase in DNA damage in Figure 1c) .
As in the case of the mean tail length and mean percentage the peripheral blood lymphocytes of exposed subjects. These results are in agreement with our previous findings (Garajof tail DNA, mean tail moments varied between the four subgroups of exposed subjects (Table II) . The mean tail Vrhovac and Kopjar, 1998b) as well as with the findings of Undeger et al. (1999) obtained using the same method. moment was greatest in subjects in the first subgroup, who used only latex gloves as protective equipment, and smallest
In the lymphocytes taken from healthy volunteers, there was a low background level of DNA damage. Control subjects in subjects in the fourth subgroup, who used latex gloves, were predominantly characterized by nuclei with small comets.
According to information given by the medical personnel, antineoplastic agents were often handled without any special Only minor variation in tail length, percentage of DNA in tail and tail moments were observed between individuals in control protective measures until 1991. Today, latex gloves usually are worn for parenteral administration of these drugs to patients, subjects. All the measures of DNA damage in peripheral lymphocytes taken from the exposed subjects were significantly while surgical masks and a vertical laminar air-flow cabinet are used where available for making dilutions. In the present greater than in controls. In the majority of lymphocyte nuclei taken from exposed subjects, tail length, percentage of DNA study it was observed that older nurses were less likely to use personal protective equipment than younger ones. in tail and tail moment increased and the range was broader. This indicates an accumulation of DNA damage as a conOur study has clearly shown that the extent of DNA damage, determined by use of the alkaline comet assay, was significantly sequence of chronic occupational exposure to small amounts of various antineoplastic drugs. It should be emphasized that, lower in nurses administering antineoplastic drugs carefully and taking precautions to protect themselves during their work. in the majority of exposed subjects, no relationship was found between DNA migration and age. This lack of age in The best protection was found to be the simultaneous use of gloves, surgical mask and a safety cabinet. This is in agreement modulating DNA migration confirms previous observations (Betti et al., 1995; Gutiérrez et al., 1998) . In contrast, Singh with other observations (Kolmodin-Hedman et al., 1983; Thiringer et al., 1991; Valanis et al., 1993 Valanis et al., ). et al. (1991 reported higher levels of DNA damage in subjects aged Ͼ 60 years, but in this case the electrophoresis time was
Although safety precautions minimize exposure to antineoplastic drugs, medical personnel are at risk of absorbing very increased to 40 min to achieve higher resolution in DNA migration. However, it is noteworthy that none of the subjects small amounts of these drugs which are sufficient to cause mutations in their genome. To ensure maximum occupational in our study was aged Ͼ55 years.
The observation that the extent of DNA damage was not safety, the measurement of biological markers is deemed appropriate for monitoring such exposure. Various methods strictly dependent on the exposure period reflects differences in individual exposure, sensitivity and efficiency of DNA have been established for monitoring biological effects which should be considered as an internal dosimeter in detection of repair mechanisms. Similar results in populations exposed to antineoplastic drugs have been reported by Oestereicher et al. increased genotoxic and presumably also carcinogenic risks (Sorsa and Anderson, 1996; Kevekordes et al., 1998) . Among (1990) and Grummt et al. (1993) using cytogenetic tests in their studies. It is well known that DNA damage (especially these approaches are the detection of chromosomal aberrations, sister chromatid exchanges, micronuclei, alkaline elution techchromosome aberrations) in peripheral lymphocytes of exposed subjects accumulate over a long period when antineoplastic nique, measurement of excretion of urine thioethers and urine mutagenicity. By using various tests, several groups have drugs are handled without protection. The accumulation may be related to the populations of long-lived peripheral lymphocytes, studied mutagenicity among nurses and pharmacists handling antineoplastic drugs; some of these studies found evidence of whose half-life is estimated to be 3-4 years (Nikula et al., 1984) . mutations whereas others did not (Waksvik et al., 1981; Barale et al., 1985; Stücker et al., 1986; Sarto et al., 1990 ; Milković-Many antineoplastic drugs induce single-strand breaks and alkali-labile sites, which are predominantly measured in the Kraus and Horvat, 1991; Ş ardaş et al., 1991; Sessink et al., 1994; DeMéo et al., 1995; Ensslin et al., 1997) . The heterogencomet assay. Because both types of DNA damage are continuously and efficiently repaired, the measured damage level is a eity of the results is probably due to differences in the sensitivities of the test systems, the extent and type of exposure result of equilibrium between the amount of DNA damage inflicted and the speed of repair. Generally, the type, level and different safety precautions applied. In the present study the alkaline comet assay of peripheral and persistence of DNA damage in lymphocytes of exposed populations depend on the kind of antineoplastic drugs used blood lymphocytes was evaluated for use in the biomonitoring of subjects exposed to antineoplastic drugs. Results obtained as well as on the concentrations of drugs producing the mutagenic response. On the other hand, the relationship confirmed that this method is a very promising tool for estimation of DNA damage at the individual cell level in between the onset of DNA damage and the time after exposure depend on the mechanism of DNA damage.
in vivo studies, as reported by other authors (Betti et al., 1994 (Betti et al., , 1995 Ashby et al., 1995; Hellman et al., 1997 Hellman et al., , 1999 ; Olive, For the treatment of most drug-sensitive tumours, a drug cocktail is used, so nurses may be simultaneously exposed to 1999; Piperakis et al., 1999) . Although some authors have observed a connection between several drugs. The spectrum of antineoplastic drugs, the quantities used and the amount of time per day for which cigarette smoking and increased DNA migration in human lymphocytes during the comet assay (Betti et al., 1994 (Betti et al., , 1995 , antineoplastic drugs were handled could not be determined retrospectively.
in the present study no significant differences were seen between the mean comet tail parameters for smoking and nonAmong the most commonly used antineoplastic drugs are clastogenic and aneugenic agents, which require protective smoking subpopulations in the exposed group (P Ͼ 0.05, see Table III ). Our results indicate that cigarette smoking is not a equipment to avoid genotoxic risks to the individuals managing them. Some of the subjects studied here did not follow very potent confounding factor when peripheral lymphocytes are used in the comet assay for biomonitoring purposes. These recommendations for the management of such drugs, so biomonitoring is of great value. The development of occupaobservations are in agreement with findings by Hellman et al. (1997 Hellman et al. ( , 1999 , Undeger et al. (1999) and Wojewódzka tional hygiene standards in our country has been relatively slow compared with that in other European countries. . There may be several reasons for the lack of difference therefore, possible to find medical personnel with relatively high exposure. Although the practical application of safety between the smoking and non-smoking subgroups of exposed subjects. Possibly due to an adaptive response in smokers, precautions in the handling of antineoplastic drugs varies from hospital to hospital, it has increased over the last 10 years.
the effect of additional occupational exposure was more
